Leptin is an adipocyte-derived hormone involved in energy metabolism and fuel homeostasis [1±3]. It could also be important in fetal development because both the leptin gene and leptin receptors are expressed in numerous fetal tissues [4, 5] . In addition, leptin has been shown to stimulate fetal erythroid development and to have angiogenic activity [6, 7] .
tistically significant increase in plasma EPO concentrations can be measured within 2 to 4 h [16] . Increased fetal plasma and amniotic fluid EPO concentrations have been observed in pregnancies complicated by pre-eclampsia, intrauterine growth restriction, and maternal diabetes [18, 19] .
Fetal hypoxia is a frequently encountered complication in diabetic pregnancies [18] . Previous data indicate that the production of leptin is increased during hypoxia and EPO is a well-documented marker of fetal hypoxia. We therefore examined whether any association exists between the severity of fetal hypoxia, as indicated by fetal EPO concentrations and the concentration of leptin in cord blood at birth.
Subjects and methods
Subjects. We measured leptin and erythropoietin concentrations in cord vein plasma and in amniotic fluid samples from 25 singleton fetuses of mothers with Type I (insulin-dependent) diabetes mellitus. Of the mothers seven, in addition, had pre-eclampsia. These mothers' glycaemic control was evaluated by the glycated haemoglobin-A 1C fraction (HbA 1C ) every 2 to 4 weeks throughout pregnancy. During the last month, their mean HbA 1C (SD) was 6.8 % (1.2 %), (range, 4.6±9.8 %). All infants in this study were delivered by elective caesarean section, the indications for which were complicated maternal diabetes, contracted pelvis, previous caesarean section or fetal macrosomia. Amniotic fluid samples were obtained by amniocentesis done within 3 days before the operation for measuring fetal lung maturity or at caesarean section.
Gestational age, corrected by ultrasound examination, ranged from 35.3 to 39.3 weeks and birth weight from 2690 to 5430 g. The relative birth weight, as calculated by reference to a series of 74 766 Finnish singleton newborns, ranged from ±1.1 to 5.6 SD (Table 1) . Of the infants 11 were large for their gestational age: relative birth weight greater than 2.0 SD. In normal, term singelton pregnancies (n = 17) we have previously found a median amniotic fluid EPO of 7.5 mU/ml, (range, 4.2±19.1 mU/ml) [18] , which is almost identical to that reported by others [20] . We considered three times the median amniotic fluid EPO (22.5 mU/ml) to be the limit of fetal hypoxia ( Table 2) .
The study was approved by the ethics committee of the Department of Obstetrics and Gynaecology of the Helsinki University Central Hospital.
Methods. Blood samples obtained from the cord vein were drawn at birth into EDTA tubes, which were centrifuged at 1000´g for 5 min and the plasma stored at ±20°C until analysis. Amniotic fluid samples were drawn into EDTA tubes and stored at ±20°C. Leptin and EPO were measured by radioimmunoassay (Linco Research, St Charles, Mo., USA; and EPO-Trac, Incstar, Stillwater, Minn, USA, respectively) [21, 22] .
Statistical analysis. Leptin and EPO concentrations were logarithmically transformed to normalise distribution when appropriate. Simple and multiple regression analyses were used. Patient data are given as mean, SD and range, and results as median and range or quartiles. Comparison between groups was done with the Mann-Whitney U test. A value of p less than 0.05 was considered statistically significant. All calculations were done with StatView 4.1 (Abacus Concepts, Berkeley, Calif., USA).
Results
Cord plasma median concentration of leptin was 9.0 mg/l (range, 3.7±135.1 mg/l) and that of EPO 26.2 mU/ml (range, 9.6±9263 mU/ml). In amniotic fluid, median concentration of leptin was 2.2 mg/l (range, 0.7±5.7 mg/l) and that of EPO 10.9 mU/ml (range, 1.0±1594 mU/ml).
The fetuses of the hypoxic group had higher cord leptin concentrations (median 36.8; range, 12.5±135.1 mg/l) than those in the non-hypoxic group (median 16.2; range, 3.7±52.2 mg/l), p = 0.0066 ( Fig. 1) . Fetuses of the hypoxic group had lower gestational age (p = 0.016) and cord artery pO 2 (p = 0.023) at birth ( Table 2) . Between groups, maternal HbA 1C (p = 0.1), Hb (p = 0.5), and base excess (BE) (p = 0.2) did not differ significantly, although cord blood pH was close to statistically significant difference (p = 0.06).
In all fetuses, significant correlation existed between cord plasma leptin and amniotic fluid EPO (r = 0.727, p = 0.0001), cord plasma EPO (r = 0.644, In multiple regression analysis with cord plasma leptin as the dependent variable and amniotic fluid EPO, cord artery pO 2 , relative birth weight, maternal HbA 1C and gestational age as independent variables, only EPO (partial r = 0.558, p = 0.031) remained significantly associated with cord plasma leptin.
Discussion
Our study of these diabetic pregnancies shows that fetuses exposed to hypoxic conditions, as indicated by increased amniotic fluid EPO concentrations, have significantly higher cord plasma leptin concentrations. Moreover, in all fetuses, cord plasma leptin concentration strongly correlated with amniotic fluid and cord plasma EPO concentrations.
Our data are in agreement with the findings of another study [14] which showed that hypoxia increases placental leptin production. That study found that in vitro a rise in leptin production in placental cells did not take place until after 72 h of hypoxia [14] . Because during hypoxic conditions a significant increase in fetal EPO concentrations can be observed within 2 to 4 h [16] , the increased cord plasma leptin, together with the increased EPO concentrations in both amniotic fluid and cord plasma, probably reflect chronic or subchronic rather than acute fetoplacental hypoxia.
We did not find a correlation between amniotic fluid or cord plasma EPO and cord haemoglobin. This is in accordance with previous studies of infants of diabetic mothers [18, 23] , whereas a negative correlation has been reported between EPO and Hb in normal and Rh-isoimmunised fetuses [24] . There is evidence that in infants of diabetic mothers erythropoiesis is qualitatively abnormal [25] . Also, the response of erythropoiesis to EPO is different in the fetus and in the preterm infant than in the adult [24, 26] . These observations could also partly explain the lack of correlation between cord leptin and haemoglobin.
Both maternal glycaemic control in diabetic pregnancies and pre-eclampsia affect cord plasma leptin concentrations [13, 14] and amniotic fluid and cord plasma EPO concentrations are also increased in such pregnancies [18, 19, 20] . Neither the number of pre-eclamptic mothers nor the maternal HbA 1C significantly differed, however, between the hypoxic and non-hypoxic group of infants. In addition, all infants of this study were delivered by elective caesarean section, thus eliminating the possible hypoxia and increase in EPO concentration caused by labour [27] . Although a correlation existed between cord plasma leptin and cord blood pH and pO 2 , in multiple regression analysis only cord plasma EPO remained an independent and significant determinant of cord plasma leptin concentrations. We therefore feel that this difference between the groups in cord plasma leptin concentrations is primarily a result of fetal chronic or subchronic hypoxia.
Leptin has been shown to be involved in angiogenesis and to stimulate the proliferation of myelocytic and primitive haematopoietic progenitor cells [7, 28] . In vitro data indicate that leptin acts synergistically with EPO to increase fetal erythroid develop-A B Fig. 1 . A Box and whisker plot of cord plasma leptin concentrations of hypoxic (n = 9) and non-hypoxic (n = 16) fetuses at birth. B Correlation between umbilical cord EPO(log) and leptin ment [6] . Therefore, along with concomitantly increased EPO concentrations, increased leptin concentrations could represent a cooperative and physiologically feasible adaptation mechanism to improve oxygen transportation capability during periods of decreased oxygen supply. These beneficial effects of increased leptin concentration in the fetus might not be limited to stimulation of erythroid development and angiogenesis: the cytokine-like properties of leptin receptors and the better survival of adult septic patients with higher leptin concentrations has led to leptin being considered a stress-related hormone [6, 7, 29, 30] . Leptin thus could improve fetal adaptation to stress such as chronic hypoxia.
We found a positive correlation between cord plasma leptin concentration and maternal HbA 1C . This result suggests that maternal glucose metabolism affects leptin metabolism of the fetoplacental unit. This is supported by data showing that insulin increases leptin mRNA [31] and data indicating that leptin secretion in adipocytes is regulated by glucose metabolism [32] . An increase in leptin secretion from adipocytes has been shown to be primarily dependent on glucose, with the effect of insulin being secondary [32] . In diabetic mothers, the expression of leptin mRNA and protein in placental tissue is increased [33] . Thus, the correlation between cord plasma leptin and maternal HbA 1C could be an indicator of augmented leptin production in fetal adipocytes and in placenta.
Human amniotic fluid cells have been shown to secrete leptin into the amniotic fluid [34] . In our study, amniotic fluid leptin concentrations failed to correlate with any of the clinical or biochemical variables suggesting that secretion of leptin into the amniotic fluid is independent of these variables.
Our study indicates that in Type I diabetes pregnancies, cord plasma leptin concentration correlates with severity of fetal hypoxia, as indicated by the concentration of erythropoietin. This phenomenon could reflect a physiological response of the fetoplacental unit to chronic hypoxia.
